Information is differentially processed in the dorsal versus ventral hippocampus. Results: Expression levels of Kv4.2 and HCN1 varied and conferred distinct integrative properties to CA1 pyramidal cell dendrites in dorsal and ventral hippocampus. Conclusion: Molecular and physiological differences provide the basis for the specific properties of dorsal and ventral CA1 pyramidal cells. Significance: Channel expression and function enable specific processing roles.
The dorsal and ventral regions of the hippocampus perform different functions. Whether the integrative properties of hippocampal cells reflect this heterogeneity is unknown. We focused on dendrites where most synaptic input integration takes place. We report enhanced backpropagation and theta resonance and decreased summation of synaptic inputs in ventral versus dorsal CA1 pyramidal cell distal dendrites. Transcriptional Kv4.2 down-regulation and post-transcriptional hyperpolarization-activated cyclic AMP-gated channel (HCN1/2) upregulation may underlie these differences, respectively. Our results reveal differential dendritic integrative properties along the dorso-ventral axis, reflecting diverse computational needs.
The dorsal and ventral hippocampal regions are involved in cognitive functions and emotional behavior, respectively (1, 2) . This functional segregation has a structural correlate at the gene and connectivity levels (3) (4) (5) (6) , raising the possibility that neurons in both regions perform different types of computation. The concept of dorso-ventral differences is well established for entorhinal cortex stellate cells, which encode grids of increasing size along the dorso-ventral axis (7) . Interestingly, the resonance (or band pass filtering) properties in the soma of these cells also change along this axis, together with the properties of the hyperpolarization-activated I h current (8 -12) . Similar principles have been described in CA1 pyramidal cells during development, but whether they persist in adult animals is not known development (13) . The size of the place fields coded by CA1 pyramidal cells increases along the dorso-ventral axis (14, 15) . Whether this correlates with different integrative properties along this axis remains to be assessed. Because most synaptic integration occurs in dendrites and because dendrites display a heterogeneous distribution of channels as compared with the soma (16), we analyzed the integrative properties of distal dendrites. We focused on three key readouts of dendritic integrative properties: backpropagation of action potentials, resonance, and summation of synaptic inputs (17) (18) (19) (20) .
When an action potential is generated in the initial segment, it backpropagates to the soma and then to the dendrites. The amplitude of the backpropagating action potential (b-AP) 4 decreases with the distance from the soma because of the activation of the fast transient K ϩ current I A , the density of which increases with the distance from the soma (17) . Backpropagating spikes not only inform the dendrites that a spike has been emitted, but also may serve as a trigger for long-term potentiation (16) . The main constituent of I A is the Kv4.2 subunit, which displays remarkable plasticity features in physiological and pathological conditions (21 3 To whom correspondence should be addressed. E-mail: christophe.
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to changes in dendritic excitability and information processing (21) .
Resonance is a property enabling pyramidal and stellate cells to favor inputs in the theta (4 -12 Hz) frequency range (19, 20, (22) (23) (24) , a rhythm involved in numerous cognitive functions (1) . Resonance is particularly strong in CA1 pyramidal cell distal dendrites, where it mostly depends upon the activation of the nonspecific cationic hyperpolarization-activated current I h (19, 20) . As for I A , the density of I h increases with the distance from the soma (18) . It is mainly encoded by the HCN1 and HCN2 subunits, the expression of which also displays remarkable plasticity features in physiological and pathological conditions (21, 25, 26) . Modifications in I h lead to changes in resonance properties and the summation of synaptic inputs (19, 20, 26) . Because I A and I h appear to be key regulators of dendritic integrative properties, we focused on these two channels and their associated proteins, Kv4.2, HCN1, and HCN2.
EXPERIMENTAL PROCEDURES
Experiments were performed according to local INSERM guidelines.
In Vitro Electrophysiology-Hippocampal 350-m-thick dorsal (coronal) or ventral (sagittal with a 45°angle) slices were prepared from male adult Wistar Han rats, as described (13) . Slices were then transferred to a holding chamber at room temperature in normal artificial cerebrospinal fluid. Artificial cerebrospinal fluid contained (in mM) 126 NaCl, 3. CA1 pyramidal cell dendrites were recorded under visual control. The distance from the soma was measured both under visual control and post hoc following morphological processing as described previously (27) . Dendritic recordings were performed at the border between the stratum radiatum and stratum lacunosum moleculare (see Table 1 ). There was no difference in access resistance and capacitance between dendrites recorded in the dorsal and ventral parts (see Table 1 ).
Backpropagation Protocol-Antidromic b-APs were evoked with a stimulation electrode placed at the alveus/stratum oriens border. The amplitude of b-APs was measured at Ϫ60 mV. We used depolarizing and hyperpolarizing steps from a starting value of Ϫ60 mV to obtain curves giving the amplitude of b-APs as a function of the membrane potential. The transition threshold was defined as the membrane potential when a sudden amplification of the amplitude of the b-AP occurs (28) .
Properties of I A -Ten families of currents were obtained from Ϫ85 mV to ϩ55 mV to activate transient (I A ) and sustained K ϩ current, as described in Refs. 17-20. The current density of I A was obtained by calculating (I A-peak Ϫ I sustained )/S, where S is the surface of the dendritic patch.
Properties of I h -Currents mediated by I h were recorded in voltage clamp mode by applying hyperpolarizing voltage steps (from Ϫ50 to Ϫ140 mV). The amplitude of I h was determined by subtracting the instantaneous current at the beginning of the voltage step from the steady-state current at the end. The activation time constant was obtained using dual exponential fits. The midpoint activation voltage V1 ⁄ 2 was obtained from the tail current.
Resonance Protocol-Discrete current wavelets at varying frequencies were injected in the recorded cell in current-clamp mode (see Ref. 13) . Impedance (Z) was calculated as the ratio of the voltage/current Fast Fourier Transforms: Z ϭ FFT(voltage response)/FFT(injected current), for each frequency. The magnitude of the complex-valued impedance ͉Z͉ was plotted against frequency to give an impedance-magnitude profile. Two resonance parameters were measured: Fres, the resonance frequency when ͉Z͉ is maximum; and Q, the amplification ratio defined as the ͉Z͉ Fres /͉Z͉ 1 Hz ratio.
The impedance phase was calculated as ϭ tan Ϫ1 (Im(Z)/ Re(Z)), where Im(Z) and Re(Z) are the imaginary and real parts of Z, respectively (29) , and tan is the tangent function. F is defined as the frequency f where (f) ϭ 0. For f Ͻ F , the response of the membrane appears to occur before the injected current (phase lead). Conversely, for f Ͼ F , there is phase lag. The amount of phase lead was characterized by ⌽ L , the area of (f) where (f) Ͼ 0 (29) .
Temporal Summation-Artificial excitatory postsynaptic potentials (EPSPs) were evoked by current injections of the form of an ␣ function: I ϭ I max t exp (Ϫ␣t), with ␣ ϭ 0.1. The temporal summation ratio in a train of five artificial EPSPs was computed as EPSP5/EPSP1, where EPSP5 and EPSP1 are the amplitudes of first and fifth artificial EPSPs in the train, respectively.
Morphology-After electrophysiological recordings, slices were fixed overnight at 4°C in a solution containing 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Detection of labeled neurons was performed on unsectioned slices as described (27) .
Tissue Preparation and Western Blotting-Animals were killed, and in toto hippocampi were rapidly dissected and divided into three parts along the septo-temporal axis: dorsal part, intermediate part, and ventral part. Samples were frozen in liquid nitrogen and stored at Ϫ80°C until tissue processing. To determine Kv4.2 expression levels, total homogenate from samples was created using previously described methods (30) . Different tissue samples (from different animals) were also processed using crude synaptosomes for Western blotting. This method has previously been shown to produce synaptosome enrichment in brain tissue (31) .
Western blotting for total HCN1, HCN2, and TRIP8b in dorsal and ventral hippocampus was performed as described previously, with sample loading differences controlled by normalizing to ␣-tubulin (32 
RESULTS
Current clamp recordings were performed in distal CA1 pyramidal cell dendrites at a similar distance from the soma in the ventral and dorsal hippocampus, all close to the border between the stratum radiatum and stratum lacunosum moleculare (Table 1 ). There were no obvious morphological differences in the dendritic arbor of neurons recorded in the dorsal and ventral hippocampi (not shown, but see supplemental Fig.  2 ). Distal dendrites from the ventral hippocampus were slightly more depolarized and had a lower input resistance than dendrites from the dorsal hippocampus (Table 1) . Stimulation of CA1 pyramidal cell axons evoked antidromic action potentials, which backpropagated to dendrites. The amplitude of b-APs was increased by 50% in ventral versus dorsal dendrites (Fig. 1A , Tables 1 and 2 ). The transition threshold was depolarized by 10 mV in dorsal versus ventral dendrites (Fig. 1B, Table 2 ). The amplitude of b-APs is inversely related to the availability of A-type K ϩ channel, in particular of its main subunit Kv4.2 (17, 33) . Cell-attached recordings showed an increased density of I A in dorsal (8.7 Ϯ 1.9 pA/m 2 , n ϭ 6) as compared with ventral (4.7 Ϯ 0.5 pA/m 2 , n ϭ 6, p Ͻ 0.05) distal dendrites (Fig.  1C) . In keeping with the increase in A-type currents, RT-PCR revealed that Kv4.2 mRNA expression was twice larger in dorsal than ventral hippocampus (Fig. 1D) . The transcriptional differences translated into similar differences in Kv4.2 protein levels in total homogenates and synaptosomes (Fig. 1E) . Immunohistochemistry confirmed that the optical density of the Kv4.2 signal quantified per that of the dendritic marker MAP2 was increased in dorsal versus ventral hippocampus (supplemental methods, supplemental Fig. 1) .
Phosphorylation can affect A-type K ϩ channel properties and thus influence the amplitude of b-APs. The extracellular signal-regulated kinase (ERK) can phosphorylate Kv4.2, decrease its activity, and increase backpropagation (33, 34) . Blocking ERK through bath application of 10 M U0126 decreased b-APs in ventral but not in dorsal cells (Fig. 1F ). This suggests a stronger endogenous ERK phosphorylation of Kv4.2 in ventral cells, which was confirmed at the molecular level (Fig.  1G) . These results suggest that decreased expression levels of Kv4.2, involving transcriptional regulation, and increased ERKdependent phosphorylation account, at least in part, for the enhanced backpropagation in ventral CA1 pyramidal cells.
In addition to backpropagation, temporal summation and resonance are critical determinants of dendritic integrative FIGURE 2. Decreased temporal summation and increased theta resonance and phase lead in ventral hippocampus. A, temporal summation is decreased in ventral versus dorsal dendrites. The difference is abolished in the presence of ZD7288 (ZD). B, left and right panels, impedance magnitude as a function of the input frequency in a ventral (left) or dorsal (right) distal dendrite before (black trace) and after 10 M ZD7288 (red trace). Insets, histograms of resonance parameters. C, same as B for phase responses. rad, radian. D, I h activation curves in ventral and dorsal dendrites, same dendrites as in B, showing a larger I h current in ventral dendrites. I h activation was blocked by ZD7288. Inset, histograms of I h amplitude measured at Ϫ140 mV and Ϫ90 mV. E, HCN1 and HCN2 mRNA levels are similar in the dorsal and ventral hippocampus. F, Western blots demonstrate that HCN1 and HCN2 protein levels are increased in ventral versus dorsal hippocampus. *, p Ͻ 0.05; **, p Ͻ 0.01. MAY 18, 2012 • VOLUME 287 • NUMBER 21
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properties. Temporal summation was decreased in ventral as compared with dorsal dendrites ( Fig. 2A; ventral, Ϫ8.4 Ϯ 1.4%, n ϭ 8; dorsal, Ϫ3.4 Ϯ 0.8%, n ϭ 8; p Ͻ 0.03). In keeping with the fact that I h modulates temporal summation (18) , the dorsoventral difference was abolished in the presence of the I h antagonist ZD7288 ( Fig. 2A ; ventral, 32 Ϯ 8%, n ϭ 4; dorsal, 25 Ϯ 9%, n ϭ 4; p ϭ 0.42).
CA1 pyramidal cell dendrites efficiently act as band-pass filters in the theta frequency range (4 -12 Hz), a property called resonance, which is in part I h -dependent in the dendrites (19, 20) . Resonance and phase lead were stronger in ventral than dorsal dendrites (Table 2 ; Fig. 2 , B and C, supplemental Figs. 2 and 3 ). ZD7288 abolished resonance and phase lead (Fig. 2 , B and C; n ϭ 4 ventral; n ϭ 4 dorsal, supplemental Figs. 2 and 3) .
Resonance, phase responses, and temporal summation differences depend, in part, upon I h properties. The amplitude of I h was larger in ventral than dorsal dendrites, whereas its kinetics were not different ( Table 2 ; Fig. 2D ). The percentage of sag, which also depends upon I h (19) , was also larger in ventral than dorsal dendrites (supplemental Fig. 4 ). In keeping with the stronger contribution of I h , the resting membrane potential was more depolarized, and the input resistance decreased in ventral versus dorsal dendrites (Table 1) . Although there was no difference in the mRNA levels of the principal isoforms HCN1 and HCN2 (Fig. 2E) , protein expression was significantly larger in ventral than dorsal hippocampus (Fig. 2F) . The synaptosome fraction of HCN1 protein was similarly increased in the ventral hippocampus (supplemental Fig. 5 ). The optical density of HCN1 signal was increased in ventral versus dorsal hippocampus (supplemental Fig. 1) .
The auxiliary protein TRIP8b is a key regulator of HCN channels in physiological and pathological conditions (32, 35, 36) . However, the expression of TRIP8b was similar in the dorsal and ventral hippocampus. (supplemental Fig. 5 ). Together, these results suggest that different expression levels of HCN1/2 contribute to the differences in resonance, phase response, and temporal summation in the dorsal and ventral hippocampus.
DISCUSSION
We have shown that Kv4.2, HCN1, and HCN2 expression levels are heterogeneously distributed between the dorsal and ventral hippocampus. This heterogeneity is superimposed upon the gradient of Kv4.2 and HCN along the somato-dendritic axis in CA1 pyramidal cells (17, 18) . Functionally, this translates into increased backpropagation, theta resonance, phase lead, and decreased summation in ventral CA1 pyramidal cell dendrites. How these different integrative properties impact information processing, e.g. enlargement of place fields (14) or different synaptic plasticity properties (37) from the dorsal to the ventral hippocampus, remains to be addressed. However, our results clearly demonstrate that CA1 pyramidal cells constitute a heterogeneous cell population along the dorso-ventral axis in terms of integrative properties and channel expression in their dendrites.
The mechanisms responsible for the differential expression of Kv4.2 and HCN remain to be determined. In more simple organisms, the expression of certain channels is controlled in a coordinated manner, i.e. they appear to co-vary (38) . In the present study, Kv4.2 and HCN1 co-vary in opposite directions, and our results suggest that both ion channels are regulated at multiple levels, including transcriptional, translational, and post-translational.
We focused on I A and I h because their distribution and function are well documented in the CA1 pyramidal cell dendrites. However, these dendrites express a large array of ionic channels, each relating to specific distribution patterns along the somato-dendritic axis (16) . For example, Ca 2ϩ channels and the persistent sodium channel also control the integrative properties of CA1 pyramidal cell dendrites (16) , including temporal summation and resonance, although not in the range of membrane potentials used here. It is likely that these channels also display dorso-ventral differences.
Surprisingly, the dorso-ventral gradient of resonance and I h properties of CA1 pyramidal cell dendrites are reversed as compared with those found at earlier stages of development (13) . The meaning and mechanisms for such changes remain to be determined. The gradient is also reversed as compared with the soma of layer II stellate cells (10, 12) . Although entorhinal cortex stellate cells and CA1 pyramidal cells are not directly connected to each other, these different rules of organization may influence the way the hippocampus and the entorhinal cortex exchange information.
In conclusion, the gene mapping of the hippocampus revealed different regional organizations along the dorso-ventral axis (3, 4, 6 ). Our results demonstrate that this regional segregation is also true at the protein level, which translates into different functional properties in the dorsal and ventral hippocampus. 
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